Abstract: Heavy mass ions, Kr and Xe, having energies in the ~10 MeV/amu range have been used to produce thick planar optical waveguides at the surface of lithium niobate (LiNbO 3 ). The waveguides have a thickness of 40-50 micrometers, depending on ion energy and fluence, smooth profiles and refractive index jumps up to 0.04 (λ = 633 nm). They propagate ordinary and extraordinary modes with low losses keeping a high nonlinear optical response (SHG) that makes them useful for many applications. Complementary RBS/C data provide consistent values for the partial amorphization and refractive index change at the surface. The proposed method is based on ion-induced damage caused by electronic excitation and essentially differs from the usual implantation technique using light ions (H and He) of MeV energies. It implies the generation of a buried low-index layer (acting as optical barrier), made up of amorphous nanotracks embedded into the crystalline lithium niobate crystal. An effective dielectric medium approach is developed to describe the index profiles of the waveguides. This first test demonstration could be extended to other crystalline materials and could be of great usefulness for midinfrared applications.
Introduction
Ion implantation of light ions (H or He) in the few-MeV energy range is a standard procedure to produce optical waveguides at visible and near-IR wavelengths in LiNbO 3 and in many other crystals [1] [2] [3] . At the end of their range (~1 µm), ions are implanted and severe structural damage is produced by elastic collisions with the atoms of the target material, leading to the formation of a buried layer having a lower density and refractive index than the virgin crystal. This buried layer behaves as an optical barrier creating a surface waveguide. For the formation of such a barrier fluences as high as 10 16 -10 17 ions/cm 2 are required. At the typical currents obtained in ion accelerators the method becomes quite inefficient. The fact that the thickness of the optical barrier produced with MeV ions is limited to about 1 micron does not allow for full infrared light confinement. Propagation losses thus increase due to light tunnelling to the substrate modes (i.e. leaky modes). This problem could be overcome by using ions of larger energy and thus large range leading to thicker layers of modified material.
Recently this method has been tested for LiNbO 3 demonstrating not only the feasability but also a number of advantages such as substancially reduced ion fluences [4] . The irradiation requires heavier projectiles (mass in the range 15 to 40 atomic units), and energies in the range of a few tens of MeV. For such high energies, the electronic energy deposition is dominant and responsible for structural modifications of the material [4] [5] [6] [7] . The damage induced in the electronic energy loss regime has quite different features compared to defects produced by elastic collisions [8] . Track formation, i.e., the formation of columnar defects requires a well-defined electronic stopping power threshold value, and, on LiNbO 3 , the damage cross-section of the tracks strongly increases with the energy loss, dE/dx. By analogy with the track morphology as depicted in the reference [9] , it is possible to define specific thresholds versus electronic energy loss [10] taking into account the velocity effect [11] . At low velocity (~0.1 MeV/amu) threshold of damage creation is ~2 keV/nm and threshold of continuous track is ~7.5 keV/nm while at high energy (10 MeV/amu) the corresponding thresholds are ~6.5 and ~13 keV/nm, respectively. In between these two thresholds the damage in the track is inhomogeneous and not continuous. However, by accumulating high fluences homogeneous amorphous layers can be created due to track overlapping.
The idea behind the fabrication of an optical waveguide with high-energy ions is to bombard the material with ions having their electronic energy loss maximum at a certain depth inside the material. At and around this maximum, the damage threshold can be overcome producing an amorphous layer of lower refractive index. This buried layer constitutes an optical barrier for waveguiding at the surface. In first test experiments, LiNbO 3 was bombarded with F ions of 22 MeV energy and maximum stopping power of about 3 keV/nm (i.e. below the threshold of continuous track damage). The irradiation produced useful waveguides with high refractive index jump (~10%), step-like index profile (due to track overlapping) with low propagation losses and reasonably high nonlinear optical coefficients. The applied fluences were around 10 14 cm
, which is compared to standard lowenergy implantation, reduced by two orders of magnitude [4] . Following the same technique, lithium niobate ring resonators with 80 µm radius acting as wavelength filters at the 1.5 µm telecom wavelength have been fabricated [13] . In a later work, waveguides having an heterogeneous structure were achieved with heavier ions of MeV energy such as Cl ions of about 7 keV/nm energy loss which is above the amorphisation threshold. To prevent full surface amorphization, the irradiation was performed with isolated, i.e. non-overlapping tracks corresponding to fluences as low as 10 12 -10 13 ions/cm 2 [14] . Later on the method was successfully applied to generate optical waveguides in another nonlinear optical crystal, KGd(WO 4 ) 2 [15, 16] , slightly changing the irradiation conditions. This shows that the method could have a wide applicability to many other crystals with photonic interest.
The purpose of this work has been to explore the use of the heavy ion irradiation method, in the electronic energy loss regime to even higher energies (~10 MeV/amu) and stopping powers. This would allow the fabrication of much thicker waveguides (up to tens of microns) with ultralow fluences (< 10 12 cm −2 ). Such thick optical barriers may be useful in the mid-IR e.g. for astrophysical applications (or "Astrophotonics") [17, 18] . Moreover, in this energy range ion trajectories are more straight that would allow for better resolved waveguides patterns. In addition, at such high energies, the contribution of nuclear energy loss is extremely small and defects produced by elastic collisions are irrelevant for the major length of the ion trajectory. Therefore one would expect reduced optical losses after appropriate optimization. Although LiNbO 3 is not the most adequate material for applications going beyond 4 microns wavelength due to its large optical absorption, our experiments provide a demonstration test illustrating the potential of the method.
Waveguide preparation by swift heavy ion (SHI) irradiation
The irradiations were performed at near normal incidence on Z-cut LiNbO 3 samples at GANIL (Caen, France) and GSI (Darmstadt, Germany) with Kr and Xe ions, respectively. Fig. 1 . The maximum value is reached at a depth of ~45 µm for Kr (809 MeV) and at ~35 µm for Xe (1450 MeV). In both cases, the energy loss is clearly above the expected amorphisation threshold for a large fraction of the ion trajectory. The figure also includes the curve for 45-MeV Cl ions for comparison with earlier irradiations performed at CMAM (Madrid, Spain) [13] . 
Optical characterization: refractive index profiles
LiNbO 3 samples irradiated with high-energy Kr or Xe ions (Table 1) indeed show a surface layer that acts as an optical waveguide. This behavior is illustrated in the optical micrographs of Fig. 2 taken from the polished edge of a crystal exposed to 2×10 11 Xe-ions/cm 2 . The irradiated layer (left side) can clearly be seen in the transmission mode, Fig. 2(a) , and in the dark-field reflexion mode (R-DF), Fig. 2(b) . In the standard bright-field reflexion mode (R-BF, 2c)) only a faint line defines the end of the ion range. The measured thickness of the irradiated layer is ~50 µm which is fair agreement with the ion range predicted by the SRIM-2003 code (cf. Fig. 1 ).
The surface refractive index profile has been determined by the dark-modes technique at λ = 633 nm. In all cases a quasicontinuum distribution of faint modes was observed for the ordinary refractive index. Due to the large thickness of the waveguide the evanescent wave at the surface of the propagating modes for visible wavelength should be quite small decreasing the prism-coupling efficiency. In general, no modes could be observed for the extraordinary polarization with the prism coupling technique (see Discussion), although propagation for both polarizations was possible by end-coupling through the polished edges. For the ordinary polarization we measured the first modes as well as the last mode (i.e. of effective index close to the barrier refractive index). Results for the samples irradiated with Kr ions are shown in Fig. 3 , for the the three fluences indicated. −2 broke before having done the mode counting, so its refractive index profile was simply plotted as a proportional one to the one obtained for the fluence 4x10 11 cm −2 using the measured surface and barrier refractive indices. The short horizontal lines at the end of each index profile, closed to the label (fluence in ions/cm 2 units), represent the respective refractive indices of the effective substrate and optical barrier, i.e. when continuous light coupling takes place for any angle. The horizontal dotted lines represent the principal refractive indices n os (ordinary) and n es (extraordinary) of the substrate. The refractive index values at the surface and at the barrier as a function of fluence as derived from Fig. 3(a) are shown in Fig. 3(b) . For an irradiation with 8x10 11 Kr-ions/cm 2 , the overall refractive index jump reaches ∆n ~0.04.
For higher fluences, the samples break due to irradiation-induced stress. For fluences below 1x10 11 cm −2 , no modes could be observed.
Complementary RBS/C data
Rutherford backscattering experiments in a channeling configuration (RBS/C) is a powerful technique to measure the damage or disorder induced near the surface. With He of 2 MeV energy a thickness of about 2 µm can be probed. This information is useful as a cross-check for the optical data and allows for a more complete analysis of the results (see Section 6). Basically, RBS/C data yield the damage fraction f generated at the surface as a function of electronic stopping power S e and ion fluence φ. This fraction is readily derived from the dechanneling yield of an incident beam placed under channeling conditions. Usually, for cylindrical amorphous tracks of radius r, the analysis of the damage fraction versus fluence (Φ) is performed using a Poisson law f = 1-exp(-π r 2 Φ) [21] . In the present experiment and taking into account previous results [12] , in the low fluence regime it is possible to make the following approximation f = π r 2 Φ and consequently to deduce the track radius by a linear fit as proposed in the Fig. 4(b) . Therefore, RBS/C experiments yield the track radius for any ion and energy. The radius evolution versus the range, prensented in Fig. 5(a) in the section related to the modelling of the refractive index, is the result of a calculation of track radii using the inelastic thermal spike model developed by Meftah et al. [12] and applied in the present case of Kr irradiation.
Linear and nonlinear optical perfomance
Relevant parameters for photonic applications include light propagation losses and second order nonlinear optical coefficients (d 33 for LiNbO 3 ). Information about propagation losses was obtained by the light scattering method on samples ~2 cm long. Most reliable data for Xe-irradiated samples yield attenuation values in the range 2.6 to 4.5 dB/cm. Prior to this measurement, the samples were annealed in oxygen atmosphere (1 h, at 150 °C) to remove absorption introduced by the ion irradiation. The refractive index profiles and the damage fraction measured by RBS/C remained unchanged after this annealing process. The second harmonic generation (SHG) response has been measured in reflection geometry at a fundamental wavelength of 532 nm by the method described in ref [22] . The relative d 33 coefficient amounts to 0.5−0.7 of the values for crystalline lithium niobate, and it is not much dependent on fluence, suggesting that light scattering by the amorphous tracks does not constitute the main mechanism for the losses. For samples irradiated with Xe ions, the coefficient remains at 90% of the unirradiated value. These measured values are lower than expected if we take into account that, according to the RBS/C data, the amorphous fraction at the surface is less than 5%. This could be due to partial ferroelectric domain reversal or depolarization around the amorphous tracks caused either by the strong electronic excitation or the high temperatures reached around each ion tracks [23] . It might be possible in the future to improve this performance by suitable annealing and/or repolarization treatments [24, 25].
Discussion: Modeling of the refractive index profiles
Previous experiments have shown that the irradiation of lithium niobate with high energy heavy ions (E > 0.1 MeV/amu) generates along the ion trajectories axially symmetric amorphous tracks. The tracks have a diameter of a few nanometers and are embedded in the crystalline matrix. When the projectile penetrates into the target, the track radius thus first increases due to the increase in energy loss and to the velocity effect (i.e. the amorphization threshold is lower at lower ion velocity) and then decreases once the Bragg maximum has been surpassed. This is, just, the information contained in Fig. 5(a) . We have then calculated the dependence of refractive index on depth by considering the irradiated LiNbO 3 crystal as an effective dielectric medium consisting of the isotropic amorphous tracks (dielectric constant ε a = n a 2 = 4.41) and the crystalline matrix (dielectric constant ε o = n o 2 = 5.23 (ordinary) and ε e = n e 2 = 4.84 (extraordinary)). It is assumed that the crystalline regions between the well-separated amorphous tracks keep the same refractive indices as the LiNbO 3 matrix, i.e., the effects of point defects and mechanical stresses are neglected. Under these conditions the dielectric constant of the effective medium for either ordinary or extraordinary polarization is
e o e o a e o n f f
where f (f = φπr 2 ) is the amorphous fraction, φ the ion fluence and r the track radius.
The refractive index profiles derived from this analysis, are shown in Fig. 5(b) for Kr at the fluences of 2x10 11 and 4x10 11 at/cm 2 together with the corresponding profiles optically determined (same as in Fig. 3(a) ). The profile calculated from the effective medium is in good agreement with the dark-mode data.
It may be surprising that dark modes have been rarely observed in this work for extraordinary light with the prism-coupling. One possible reason is that, according to the effective medium approach, the change in the refractive index is somewhat higher for the ordinary index (see Fig. 5 ). Since this effect is small one can also invoke a more significant but subtle effect. It has been shown that in addition to full amorphization for stopping powers above threshold, irradiation creates isolated defects that also modify the refractive indices [14] . Due to the structure of damage it has been found that even for the non-amorphized crystalline regions the ordinary refractive index experiences a small decrease whereas the extraordinary refractive index increases about twice such decrease in the ordinary index [26] . This will cause a reduction in the overall refractive index of the effective medium balancing or even surpassing the decrease caused by the amorphization. Further work by means of edgepolished micro-reflectance should be performed to clarify this behaviour. Such a detailed study including effects of strain/stress could also help to further improve the matching of the ordinary refractive index profile between the theoretical one and the measured one shown in Fig. 5(b) . Now it becomes clear that a surface layer of modified refractive index can be generated and should be responsible for light waveguiding. Our theoretical argument predicts a refractive index jump quite close to that of the experiment. Another simple and clear prediction, but relevant for the guided infrared applications, is the large thickness of the optical barrier that would provide enough optical confinement, as can be seen in Fig, 5(b) .
Summary and conclusions
The irradiation with swift heavy-mass ions such as Kr and Xe of energy around 10 MeV/amu and fluences as low as (2-8)x10 11 cm −2 produces thick optical waveguides (~40 µm) keeping a significant fraction of the second-order non-linear optical response and presenting reasonably low propagation losses (~4 dB/cm) in the visible wavelength range. The waveguiding layer is a two-component medium consisting of nanometer-sized amorphous track cylinders aligned perpendicular to the surface and embedded in the essentially undisturbed crystalline lithium niobate matrix. The optical waveguiding can be understood in terms of an average effective medium. With increasing depth, the track diameter become slightly larger following the increase of the electronic stopping power and the decrease of the amorphization threshold. The modified layer is therefore also characterized by a damage fraction and refractive index which increases with depth. Preliminary experiments suggest the application of such waveguides in the medium infrared range for astrophysics and other fields. The performance should be significantly better for wavelengths in the mid-infrared where both scattering (due to inhomogeneities) and absorption bands are known to be much weaker. The large thickness of the optical barrier should provide enough optical confinement. Certainly, the irradiated thickness could be easily decreased and tuned for realistic infrared applications in the wavelength range < 10 microns, either by decreasing the ion energy or by irradiating at an angle. This could decrease the total strain and would prevent breaking of the samples at higher fluences if these are required for specific tayloring of the index profile. Further work should be devoted to optimize the irradiation parameters (ion, energy, fluence, angle of irradiation) in order to tailor the refractive index profiles and to obtain higher refractive index jumps and better optical confinement.
